This study estimated the climate change impacts on future water resources availability in the Tagliamento River in Italy. The results from ten GCM scenarios were linked with the mesoscale climate using the stochastic weather generator technique. The tank model, which produced 84% agreement for observed and simulated water discharges in present climate, was used to simulate river discharges in three time periods in future. According to our results, 2.3°C and 2.7°C warming in annual average minimum and maximum temperatures can be expected in 2080-2099 compared to observations in 1991-2010 period. Markedly, the rate of frost day decrease in lower elevation areas is 262% higher than that in the higher elevation areas. The change in precipitation pattern is minor in near future but likely to be significant in further climates. Consequently, the occurrence of low flow events will be more than two folds and decrease in monthly river discharge will be as high as 33% in 2080-2099 compared to 1991-2010 period.
INTRODUCTION
The Alps, commonly known as the water tower of Europe, is threatened by dramatic changes in water cycle mainly attributed to climate change. The effect of climate change, as revealed by many studies, includes changing patterns of rainfall and snowfall, rising temperatures and shrinking glaciers resulting serious floods, water shortages in downstream and driving Alpine species further up the mountains 1) . In mountainous areas, water is collected and stored as snow and ice in glaciers during winter. It is then slowly released as the ice and snow melt throughout spring and summer, feeding rivers such as the Tagliamento, Italy. This makes water available in the downstream when rainfall is dropping, and when demand is high. The snow pack in Alps region is often close to its melting point (e.g., -0.9°C in February 2) ) and therefore may respond rapidly under changing climate. For example, based on remote sensing technique, Gunawardhana and Kazama 2) estimated that for every 1°C increase in temperature, the snow area will on average melt by about 62 km 2 . Recent warming in Alps (up to 2°C in many parts of Alps between 1901 and 2000) have declined the duration of snow cover and increased melting snow cover much earlier. Consequently, from 1850 to 1980, glaciers in the European Alps lost approximately one third of their area and one half of their mass. The climate models under the A1B scenario projected 2.2 to 5.1°C annual mean warming in Alps during 2080-2099 compared to annual average temperature in 1980-1999 concluding that changes in hydrological cycle and associated ecosystems in future may be more profound than ever 3) . Even though the climate change was dramatic during 20 th century, the Tagliamento River in Italy, which is considered as the last morphologically intact river in Alps, has not suffered drastic modifications. However, as the changes in future climate are projected to be more intense, many concerns are now raised regarding the potential burden that can be imposed on hydrological processes in the Tagliamento valley. In such condition, the objective of this study is to evaluate the climate change effect on the future water resources availability in the Tagliamento River.
METHODOLOGY (1) Study area
The Tolmezzo catchment, located in northeastern Italy, is covered by an approximately 1085 km 2 area. Elevation ranges from 300 m at the catchment outlet to 2600 m at the northeastern Alpine area. The mean daily temperature averaged over last 5 years (2006-2010) is 10.8°C at an elevation of 390 m and temperature decrease with elevation at a rate of 4.0°C/1000 m. The rate of increasing precipitation with elevation is unclear due to the effect of local topography on precipitation processes. Therefore, daily precipitation was averaged using the Thiessen polygon method. According to the precipitation from 2006 to 2010, two distinct pluvial zones: 1) the northern catchment area, with mean annual precipitation (MAP) ranging from 1500 to 1800 mm and 2) the Alpine foreland area with MAP ranging from 1900 mm to 2900 mm, can be identified.
According to the meteorological observations at 13 stations ( Fig. 1) , warming trends are evident in decadal and longer time-scale. For example, during the 2000-2009 period, average daily minimum temperature increased in a 0.57-2.47°C range compared to average during 1980-1989. Similarly, average daily maximum temperature increased in a 0.09-1.8°C range. Both the maximum and minimum temperatures show positive trends throughout all seasons. Particularly, temperature between late winter and early summer remained constantly high. In general, the annual precipitation in all stations is slightly rising (0-24 mm/year) and snow precipitation trends follow the temperature change. As a result, the number of frost days during 1980-2010 is decreasing in approximately 10-13 days for 1°C winter (December-February) warming.
(2) River discharge simulation
Gunawardhana and Kazama 2) developed a tank model for discharge simulations in the Tolmezzo catchment and obtained a good match between the observed and simulated water discharge with the determination coefficient (R 2 ) equals to 0.84. In this study, we used the same model to simulate the river discharge under changing climate conditions. The precipitation was assumed to be snowfall when surface air temperature is less than 2°C. The snowmelt was estimated by the degree-day method.
(3) Multi-model ensembles for climate projection
The Intergovernmental Panel on Climate Change (IPCC) Fourth Assessment Report (AR4) provides a set of global climate models (GCMs) that are commonly used to assess the impacts of changing climate. Even though, these models produce output for a common set of experiments, uncertainties in predictions arise due to different grid resolutions, model structures and initial conditions. Therefore, reliable impact assessments require multi-model ensembles with several scenarios that best reflect the range of possible future climate change. Nevertheless, the direct use of the GCM output is hampered by their coarse spatial resolution.
In this study, the results from four GCMs along with 3 scenarios, which produce 10 climate change scenarios, were used ( Table 1) . The spatial mismatch between GCMs and the resolution need for impact assessment was resolved by applying statistical downscaling technique. The stochastic weather generator (WG), which is one of the commonly use downscaling technique, was used to link GCM model parameters with corresponding observations at local scale 4) . Observed daily weather data during 1980-2010 were used in WG model to determine their probability distribution and correlation between them. In this method, cumulative probability distribution of dry and wet series, daily precipitation and minimum and maximum temperatures is defined by semi-empirical distribution with 23 intervals. A wet day is defined to be a day with precipitation > 0.0 mm. When generating climate scenarios, estimated cumulative probability function of observations is adjusted by the relative change of the magnitude of corresponding parameter that predicted by the GCM scenario in future. Moreover, in order to determine whether the simulated data preserved statistical characteristics those are similar to the true long-term observations, model performances were assessed by using the Chi-square goodness-of-fit test and the means and standard deviations using t and F tests. 
RESULTS AND DISCUSSION
In order to assess the temporal variations of the climate change impacts, relative changes of the climate parameters in three time periods in future (2011-2030, 2046-2065 and 2080-2099) were compared with the baseline period (1991-2010). Fig. 2 shows the changes in monthly average maximum and minimum temperatures at the Forni Avoltri meteorological station, which is at 888 m height from mean sea level (Fig. 1) . Based on 10 model scenarios, the annual mean warming from 1991-2010 to 2011-2030 varies from -0.3 to 0.3°C and from -0.1 to 0.6°C with an average of 0.1 and 0.3°C for minimum and maximum temperatures, respectively. However, the magnitude of warming significantly increases in future. For example, annual mean warming averaged by 10 scenarios during 2080-2099 is as high as 2.3°C (0.6 to 3.7°C range) for minimum temperature and 2.7°C (1.0 to 4.0°C range) for maximum temperature.
When seasonal changes of temperatures are concerned, generally, all scenarios show similar trend of warming during all time periods. The warming during winter (Dec-Feb) and autumn (Sep-Nov) seasons are always higher and persistent than other two intermediate seasons during all time periods in future. The most consistent and largest warming occurs in September where HADCM3-A2 scenario predicts 1.1-5.2°C warming for minimum temperature and 1.7-5.5°C for maximum temperature during 2080-2099 time period compared to averages of 1991-2010. On average winter temperature (December-February) will increase from 1.0 to 3.8°C for minimum temperature and from 1.2 to 4.1°C for maximum According to these figures, the number of frost days exponentially decrease as the winter temperature increases. Markedly, the rate of frost day decrease in the lower elevation area (Cedarchis area with 1.32 rate) is 262% higher than that in the higher elevation area (Forni Avoltri area with 0.50 rate). Consequently, daily average temperature in lower elevation area could rarely falls below 0°C during 2080-2099 time period, which in turn will have serious effects on snow fall and snow cover melt. Changes in the precipitation patterns respect to its magnitude and phase (snow or rain) may have an even greater impact than surface air temperature warming on river discharge 4) . Figure 4 shows the change in future precipitation compared to baseline climate. The annual mean precipitation (rainfall + snowfall) change from 1991-2010 to 2011-2030 is from -1.8% to 3.3% with only minor change when averaging all model scenarios (0.6%). However, mid climate (2046-2065) predictions depict modest change in annual mean precipitation (-12.2% to 4.5% change compared to 1991-2010 average) and by the end of the 21 st century (2080-2099), corresponding changes become significant (-17.4% to 1.7% change compared to 1991-2010 average).
All most all of the model and scenarios analyzed (90%) show a decrease in winter precipitation in all time periods. In spite of increasing winter precipitation in some months (e.g., February in 2046-2065 and 2080-2099 periods in Fig.4 ) a significant reduction in snow fall can be expected due to warmer winter temperatures. For example, with respect to 1.1-4°C winter warming during 2080-2099 period, snowfall will likely decrease by 48-67% compared to baseline time period. The modest increase in mean monthly precipitation (1) Climate change river flow scenarios A warming climate as projected by 10 scenarios will enhance the evapotranspiration and the proportion of liquid to solid precipitation. Potential changes in precipitation amount and seasonality warn that the accumulated impact of climate change may have serious consequences on water availability in the Tagliamento River. is significant in all months (Fig. 5b-d) . Generally, low-flow regime prevails in winter because most of the precipitation accumulates as snow. According to the simulated results in future, river discharge in winter will increase by 15-43%, 15-94% and 20-38% during 2011-2030, 2046-2065 and 2080-2099 periods, respectively compared to 2006-2010 averages due to early time snow melt caused by warmer climate. Consequently, spring and summer discharge will significantly decrease. For example, reductions of spring and summer discharges during 2080-2099 are as high as 24-52% and 10-61%, respectively. Generally, autumn river discharge is higher than annual average discharge due to large precipitation. Even though, all model scenarios depict increasing trend of river discharge from summer to autumn, still the autumn river discharge going to fall by 15-47%, 37-74% and 33-67% 
CONCLUSIONS
In the present study we evaluate climate change effects on the future water resources availability in the Tagliamento River. According to 10 GCM scenarios considered, a significant and consistent Seasonally, the warming during winter and autumn seasons were always higher and persistent than other two seasons. Consequently, the number of frost days exponentially decrease as the winter temperature increases. Markedly, the rate of frost day decrease in the lower elevation area (1.32 rate at a 402 m elevation) is 262% higher than that in the higher elevation area (0.50 rate at a 888 m elevation). Therefore, snow cover in lower elevation areas may respond more rapidly for warming climate than in higher elevation areas. Only a little effect on precipitation pattern was estimated in the near future but the changes are likely to be significant in further climates (-17.4% to 1. Significant impact of these changes will not only limit to the water demand but also will expand to the ecological, socio and economical changes in a broader scale. Maximum discharge
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